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ABSTRACT

This study evaluated a Photo Voltaic Thermal (PV/T) panel that was capable of
simultaneously producing electric power and low-grade heat energy by absorbing the solar energy
striking on its surface. A mathematical model was developed to estimate the electric power and
heat energy gained by the PV/T panel. A water-to-water heat pump was employed that absorbs
low-grade heat energy obtained from PV/T panel in its evaporator, in order to produce high
temperature hot water in its condenser. This is significant because the high-temperature hot water
can be employed to meet an associated building’s winter heating and summer cooling loads.
Computer simulations using hourly weather data suggested that the system is effective in meeting
building loads, with an estimated payback period of 4.62 years in the Chattanooga, Tennessee
region. A desiccant wheel with heat wheel and evaporative coolers may also reduce the total
economic costs of the system.
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CHAPTER 1
INTRODUCTION
Background
The majority of the global scientific community believes that the rise in global temperature
since 1966 at the rate of 0.0135°C [17], commonly known as global warming, is due to emission
of increased levels of greenhouse gases (e.g. CO2, SO2, NiOx). The combustion of fossil fuels such
as coal, natural gas, oil and petroleum products used in industries, in heating and cooling of
buildings and in transportation releases greenhouse gases. These gases, when present in the
environment, reduce the heat loss from the planet Earth back into space, thus causing global
warming. The melting of ice caps near polar regions due to global warming is expected to produce
a significant rise in sea levels, causing heavy flooding in coastal cities and, in some rare cases, the
complete disappearance of island countries. Unusual weather patterns, more frequent occurrence
of heavy storms, draughts, hurricanes, and tornadoes are attributed to this global warming. This
phenomenon, widespread all over the world in recent times, has caught the attention of the world
leaders. Based on the overwhelming evidence of this phenomenon, leaders from more than 178
countries agreed in the Paris Climate Agreement [1] to attempt to limit the rise in global
temperature to 20 C or less during the 21st century.
However, according to the recent United Nation’s Intergovernmental Panel on Climate
Change (IPCC) report [2], the Earth will reach the crucial threshold of 1.5 degrees Celsius above
pre-industrial levels as early as 2030, precipitating a risk of extreme drought, wildfires, floods, and
1

food shortages for hundreds of millions of people. Some of the poor countries in Africa and Asia
that depend upon primarily on agriculture and water resources will be devastated.

Figure 1 A graph of the variation in carbon dioxide emissions and global temperature since the
Pre-Industrial Period [2]

As seen in Figure 1, the UN report suggests that greenhouse gas emissions must be
drastically reduced immediately to limit the rise in global temperature to 1.5 0 C and it may even
require unproven technology to remove large amounts of CO2 from the atmosphere.
Energy Consumption in Commercial Buildings
In 2017, commercial buildings in the US consumed 7.492 x 10 12 BTUs of energy.
According to the Commercial Buildings Energy Consumption Survey (CBECS), there are over
5.6 million commercial buildings in United States in 2012 comprising 87 billion square feet floor
2

area. Among these buildings, there are about 97,000 commercial buildings with data centers.
Figure 2 shows the breakdown of the various categories in commercial building sectors.

Figure 2 A pie chart showing the breakdown of various types of commercial buildings [EIA]

Due to added attention now being paid to air pollution and also to reduce energy
consumption, building owners have employed various energy efficiency technologies to reduce
the energy consumption in the buildings. An index that measures the energy use in a building is
the Energy Use Intensity (EUI) factor that is the total energy consumed by the building per year
per square foot of the floor area expressed in (kBTU.ft 2.yr). Figure 3 shows the EUI factors for
various US commercial buildings. These trends over the last few decades spurred the growth of
using renewable energy resources such as solar, wind and bio-energy. Figure 4 shows the rise in
the use of renewable energy resources, and decline in the use of fossil fuels.
3

Figure 3 Energy use intensity factors for various US commercial buildings [EIA]

Solar PV/T Collector
The use of solar energy started in US in the mid 70s with the use of solar thermal collectors,
which produced hot water to supply energy for space heating and domestic hot water. In a few
cases, the hot water obtained from evacuated solar thermal collectors have been employed for
space cooling through use of absorption chillers. However, only in the mid 90s, as the cost of PV
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panels became affordable, they were installed on top of rooftops of buildings to supply electric
power. In the last ten years, the cost of PV panels has declined drastically as shown in Figure 5.

Figure 4 Growth in use of renewable energy resources [Business Insider]

The efficiency of polycrystalline PV panels ranges from 11 to 14 percent while, those for
mono crystalline PV panels, though they are little more expensive, range from 15 to 18 percent.
Due to their low efficiency levels, 80 to 90 percent of solar energy incident on the PV panel
dissipates as thermal loss.

5

Figure 5 Variation of energy cost for solar, wind, nuclear, coal and gas [BI]

In order to improve the energy efficiency of a PV panel, a PV/T panel is introduced in the
market. A PV/T panel is also known as hybrid PV panel. In PV/T panels, the cell temperature is
relatively lower accounting for a rise of 1 to 2 percent of electrical efficiency and it also produces
the heat energy to the water circulating in the tubes imbedded behind the PV panel as shown in the
Figure 6. The insulation underneath the tubes reduces the heat loss to the surroundings, thereby
increasing the overall efficiency that ranges from 50 to 70 percent of the energy incident on the
face of the PV/T panel.

6

Figure 6 PV/T panel diagram

The additional components employed in a PV/T panel are shown in Figure 7. However, the
temperature of the hot water produced by a PV/T panel is not high enough to be employed in
absorption chillers for summer cooling of the buildings. The thermal efficiency of the PV/T panel
decreases, as the exit temperature of the hot water from the PV/T panel increases. In order to use
the heat energy at low temperature from PV/T panel for building cooling applications, it is
proposed to use a water-to-water heat pump to increase the temperature to power the absorption
chiller as shown in Figure 8.

As seen in Figure 8, the collector fluid leaving the thermal storage tank at state 1 enters the
PV/T panel and after absorbing heat energy it returns to the thermal storage tank. On a cloudy day,
the hot water from the thermal storage can take a detour by passing through the auxiliary heater
and enter either the heat pump or the space heater or absorption chiller. However, if the temperature
7

in the thermal storage tank is reasonably high it can supply the heat energy to the heat pump, which
eventually powers the absorption chiller during the summer. In winter, the hot water from the
storage tank can directly pass through the space heater. The electricity produced from the PV/T
panel passes through the inverter to convert from DC to AC to meet the electrical load of the
building and/or to feed the grid.

Figure 7 Various components of a PV/T panel

In order to power the absorption chiller in summer, there is a need for hot water available
at a minimum temperature of 700 C. The water-to-water heat pump shown in Figure 8 does that.

8

Figure 8 Schematic of PV/T panel with water-to-water heat pump

The Coefficient Of Performance (COPhp) of the heat pump typically increases with the
temperature of the refrigerant in the evaporator as shown in Figure 9. Adding a recuperator to the
basic heat pump cycle, and also by choosing proper thermodynamic property values, one can
enhance significantly the COP of the heat pump as explained in the next chapter.
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Figure 9 Variation of heat pump COP by evaporation temperature

The objective of the thesis is to determine the technical and economic feasibility of using
PV/T panels to provide the electrical and thermal energy to meet building loads of a 6400-square
foot building assumed to be located in Chattanooga, TN with the building envelope characteristics
shown in Table 1.

Building Peak-Heating and Cooling Load
It is assumed that the building is a light commercial building with the roof made of a typical
heavy weight (h.w) concrete deck and 5” of insulation. The walls consist of face brick, 4” of h.w
concrete block and 0.5” of insulation. The floor is a steel deck with 3.3” of insulation. The windows
are made of single-glass with a shading coefficient of 0.85. Shading coefficient determines the
10

thermal performance of a glass and depends on reflectivity and color of glass. The orientation of
the south wall of the building is south.

Table 1 Building Characteristics
Component

Type

Area

Uo

(sq. feet)

(BTU/hr.ft2.0 F)

Roof

5” ins with 2” h.w concrete deck

6400

0.055

East Wall

Face brick, 4’’ h.w concrete, 0.5” ins

800

0.251

South Wall

Face brick, 4’’ h.w concrete, 0.5” ins

800

0.251

West Wall

Face brick, 4’’ h.w concrete, 0.5” ins

800

0.251

North Wall

Face brick, 4’’ h.w concrete, 0.5” ins

800

0.251

Floor

Steel Deck , 3.3” ins

6400

0.08

S. Window

Single-glass with SC = 0.85

200

0.8

N. Window

Single-glass with SC = 0.85

200

0.8

Ten occupants work from 8:00 AM to 5:00 PM from Monday through Friday. The
lighting load is typically specified in terms of electrical power consumed by the lights per square
feet of floor area of the building. In the present investigation it is assumed to be 0.5 W/ft 2 during
the daytime and 0.1 W/ft2 during the nights, weekends and holidays. In order to circulate the
11

conditioned air and other fluids, a pumping power of 1 kW is assumed during the working days
and a value of 0.5 kW for other times, as shown in Table 2.

Table 2 Building Load Characteristics
Week Days

Week Days

Weekends &

Component

8:00 AM- 5:00 PM

5:00 P.M - 8:00 AM

Holidays

Occupants

10

0

0

Equipment

6 kW

0

0

E. Lights

0.5 W/ft2

0.1 W/ft2

0.1 W/ft2

Infiltration

0.15 ACH

0.15 ACH

0.15 ACH

Ventilation

15 cfm/occupant

7.5 cfm /occupant

7.5 cfm /occupant

Fans, pump

1.00 kW

0.50 kW

0.50 kW

Thermo-stat

76oF/sum, 72o/win

76oF/sum, 72o/win

76oF/sum, 72o/win

The infiltration of outside air into the building is typically expressed in terms of Air
Changes per Hour (ACH). In the present case, we assumed a value of 0.15 ACH. In order to
estimate the infiltration rates, it was assumed that the building has a height of 10 feet. A 6,400 ft 2
floor area with building height of 10 feet gives a building volume of 64,000 ft 3.
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An infiltration of 0.15 ACH implies a volume of 0.15 times the volume of the building per
hour, implying an infiltration of 9,600 ft3/hr or 160 cubic foot per minute (CFM). The transient
ambient conditions of temperature, humidity and intensity of solar energy causes varying rates of
heat and moisture transfer across the building envelop throughout the year. The moisture diffusion
occurs due to the difference in vapor pressure between the moisture present in the outside and
indoor air that leaks through the cracks present in the building envelop or along the edges of doors
and windows. The space in an air-conditioned building is maintained at desirable conditions either
for the comfort of the occupants or for materials processing. The desirable conditions are typically
characterized by the specification of space humidity, temperature, air movement and air free from
impurities, dust particles, viruses and other pollutants. A relative humidity range of around 35-55
percent and a space temperature of about 23-26oC (72-78oF) are considered to be comfortable for
most of the occupants and these conditions are commonly referred to as the design indoor air
conditions.
A certain amount of outside air is ventilated through the space in order to maintain indoor
air quality (IAQ) free of impurities and excess amounts of carbon dioxide. In most cases, during
summer, the accumulated moisture due to perspiration of the occupants and other moisture and
heat releasing sources such as appliances, and lights is mixed with the outside ventilation air of
high humidity and temperature causing the space temperature and humidity to rise above the
desired levels. Under these circumstances, the desirable indoor air conditions are often maintained
at near constant values by supplying relatively dry chilled air to absorb the excess heat and
moisture.
During winter, the direction of moisture and heat transfer would be from inside to the
outside air. The difference in humidity of indoor air from the desirable level contributes to the
13

building load known as latent load as opposed to the sensible load that refers to the heat transfer
due to the temperature difference across the building envelop or that produced from the indoor
heat sources. The space heat gain from solar energy transmitted through windows, and the heat
released from the internal sources such as occupants, lights, and appliances are absorbed by the
building envelope and furnishings causing their temperature to rise. Due to the thermal capacitance
of the envelope and its contents, there exists a time lag before these heated walls of the enclosure
and furnishings dissipate heat by convection to the air in the space. The required rate of heat
removal from the space air to maintain it at the summer design indoor air conditions for the given
hour is called the hourly cooling load.
Similarly, the required rate of heat to be supplied to the space air to maintain it at the winter
design indoor air conditions for the given hour is called the hourly heating load. The maximum
rate of heat removal from the indoor air to keep it at the summer design indoor air conditions
during a year depends upon the characteristics of the building, its location, and the extent of
internal load sources the building has. The magnitude of this maximum rate of heat removal is
commonly referred to as the peak-cooling load while the peak-heating load refers to the magnitude
of the maximum rate of heat supplied to the indoor air to keep it at the winter design indoor air
conditions. Typically, the sizes of the cooling and heating equipment system of the building are
determined from the peak cooling and heating loads.
The energy supplied to the heating system or the cooling system for a given hour is equal
to the rate of heat loss or heat gain by the indoor air for that hour. The summation of the energy
supplied by the heating system for all the hours of heating in a year multiplied by the cost of
heating fuel constitutes the total heating cost of the building per year. Similarly, the summation of
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the energy supplied to the cooling system for all the hours of cooling in a year multiplied by the
cost of cooling power constitutes the total cooling cost of the building per year.
On a typical day in summer, the heat transfer to the indoor air is due to the combination of
direct sunlight coming through the windows, the heat transfer via conduction due to temperature
difference between the outside and inside air, the heat gain from lights, occupants, and equipment
(such as computers, TV, other electronic equipment). The temperature of the outer surfaces of
roof, and walls can reach much higher values than the outside air temperatures due to the
absorption of the solar energy, and also the energy stored in the materials that make up the roof or
walls complicates the evaluation of the rate of heat transfer to the indoor air for a given hour.
One of the classical methods evolved in the mid- seventies is the Transfer Function
Method (TFM). Details of this method are presented in Appendix A. The rate of heat transfer to
the indoor air is primarily dependent upon two transient (i.e. time dependent) variables, the
rate of solar energy incident (It) on the tilted surface and the outside air temperature (to). In the
TFM, the effect of two independent variables, It, and to are grouped into one variable called the
sol-air temperature tsol-air, by applying an energy balance equation on the outer surface. Based on
the observed hourly values of total and diffuse solar energy on a horizontal surface, along
with the beam radiation value, the dry-bulb temperature, relative humidity, wind velocity, and
orientation of the individual surfaces, one can obtain the rate of heat transfer from the inner
surface of the building envelope in terms of six different angles. The details of this approach can
be seen in Appendix A.

15

CHAPTER 2
LITERATURE REVIEW AND THEORY
Literature Survey
Solar energy being one of the most reliable forms of renewable energy can be used to
produce heat and electricity directly. Photovoltaic cells are used to produce electric power from
the sun, which causes no harmful effects on environmental pollution and are getting more cost
effective. In the mid 1970s, the concept of PV/T was developed, though the concept of PV/T
system has not been commercialized [3].

There are different types of PV/T systems that can be characterized on the basis of
extraction of heat, working medium, end applications, non-concentration and concentration
arrangement of radiations [3]. Non - concentrated PV/T systems use natural radiation without any
concentrating arrangements of radiation. They can be further classified based on the heat extraction
medium as water type PV/T systems and air type PV/T systems. As the name suggests,
concentrated PV/T systems uses the concentrating arrangements of radiation [3]. Several detailed
studies have been done in the past, which include the theoretical, and experimental performance
analysis of water or air type PV/T collectors.

Zondag et al [4] proposed nine different types of PV/T systems in their study: Sheet and
tube PV/T -collector no cover, one cover, two covers, PVT-collector with channel above PV, PV/T
-collector channel below transparent PV, free flow collector, two absorber PV/T collector. The
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highest electrical efficiency was found in sheet and tube PV/T collector with no covers. Twoabsorber PV/T collector had the highest thermal efficiency.

Kalogirou et al. [5] compared the performance of polycrystalline silicon and mono
crystalline cells for a water type PV/T systems and concluded that polycrystalline cells produces
better electrical yield as compared to the mono crystalline cells.

Dubey and Tiwari [6] used a DC pump to circulate the water on PV and concluded that the
electrical and thermal efficiency produced were 11-12% and 40-55%. They also concluded that
partially covered PV/T systems had better performance compared to the fully covered PV/T.

Rommel et al. [7] in Germany used a 2-D model to analyze the electrical and thermal
performance of a single glazed flat plate PV/T systems. They also used a selective coated absorber
in order to study the bonding of PV cells with the absorber plate.

Bhattarai et al. [8] glazed their PV/T systems with copper and experimentally concluded
the electrical efficiency to be 13% and thermal efficiency as 58%. In 2012, Nualboonruerg et al.
[9] in Thailand, investigated the electrical and thermal efficiencies of two different PV/T systems.
The absorber plate was mounted below the silicon solar cells. Based on the energy costs in
Thailand, the simple pay back period was reported as 7 years for silicon polycrystalline systems
and 14 years for multi crystalline systems.
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Jaiganesh et al. [10] designed a simple PVT System for Indian climatic conditions where
polycrystalline PV module was fixed to a glass absorber along with six full length copper fins
attached . Heat energy was extracted using a thick water channel from the finned absorber. The
study concluded the system yielded a thermal efficiency of 44.37% and 0.7 % higher electrical
efficiency as compared to same size separate PV system.

Mishra et al. [11] simulation study is based on a constant collector temperature by varying
flow rates for partially and fully covered collectors of the PV module. It was concluded that the
electrical performance of fully covered collectors was better than partially covered collectors.

Khelifa et al. [12] studied a galvanized steel absorber surface and extraction of heat was
done through water tubes that were placed beneath the solar PV module. The results were
simulated using ANSYS software. The PV module temperature was decreased by 15-20% with
the help of water-cooling. The decrease in temperature may improve the electrical efficiency
slightly.

Recently, Preet et al. [13] used phase change materials. A conventional PV/T system was
modified adding different layers of paraffin wax below the water tubes. The thermal performance
of the system was improved with the phase change material. The overall combined efficiency was
increased by 9%.

However, the results obtained in earlier studies did not relate to match the output of PV/T
panels to building energy requirements. In the present study, a simulation model that is presented
18

to estimate the number of panels required to meet the peak cooling and peak-heating loads of a
specified light commercial building located in the city of Chattanooga, Tennessee.

Mathematical Model of PV/T Panel
The PV/T panel of width H and length L as seen in Figure 10, consists of three square tubes
of side length “a” placed “W” apart from each other, through which water enters and after making
the “U” turn at the other end it exits from the same side from which it enters the panel. A glass
cover is on top of the PV panel, which rests on the absorber plate. The six square shaped tubes
attached to the absorber plate rest on the insulation. The thickness of the PV panel and that of the
absorber plate are relatively thin and such that the thermal resistances due to heat conduction can
be neglected. The model for the PV/T panel is similar to the one presented in the paper by Evola
[15], except the present investigation added an overall energy balance to help simulations to
converge and relate the solution to practical values of output. It is assumed that for a given hour
the absorber plate temperature is Tp, which is eventually computed by iteration process until the
overall energy balance is satisfied. A packing factor of PF of 0.88 is assumed which represents the
ratio of the actual area of the PV panel (APV) over the area of the panel (Ap) as shown in Equation
(1).
(1)

𝑃𝐹 =
Performing the energy balance on the panel gives

𝑄̇

− 𝑄̇ − 𝑄̇ = δ . 𝑊. 2𝐿 + 4𝑎. δ . 2𝐿 . 𝑐 .

19

(2a)

For steady-state conditions of operation, the right hand side of the above equation vanishes,
giving
̇

𝑄

− 𝑄̇ − 𝑄̇ = 0

(2)

where, Qabs is the rate of heat by the absorber plate that can be given by
.



Qabs  2 L (W  a) . F  a  I sol .  eff   g  PV
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(3)

Figure 10 The top view of the panel [15]

Figure 11 A-A cross-section [15]
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Figure 12 Fin-Tube diagram [15]

The expression in the curved parenthesis in the above equation multiplied by I sol represents
the net effective energy striking the absorber plate that is sum of heat energy to the water in one
tube and electrical power:
where, QL is the rate of heat loss from the panel to the surrounding air

̇

(4)

𝑄 = 𝑈 . (𝑊. 2𝐿). 𝑇 − 𝑇

where, Qw is the rate of heat gain by water flowing through square shaped tube, given by

𝑄̇

= 𝑚̇

. (𝑊. 2𝐿) . 𝑐

. (𝑇

−𝑇 )

(5)

The factor αeff in the equation (3) is given by

αeff =

.

(6)

.

where, αp is the short-wave absorbance of the absorber plat, τ is the trasmittance of the glass
cover and 𝜌

is the short-wave reflectance of the glass cover for diffuse radiation.
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The solar flux incident on the PV//T panel Isol shown in Equation (3) is obtained from
Equation (10) shown in Appendix A, this requires specification of the latitude angle λ, the panel
tilt angle θp,, the panel azimuth angle φp, and after determination of the declination angle δ, the
zenith angle of the Sun θs,, the azimuth angle of the Sun φs, and finally the calculating the solar
incident angle θi for each hour during the day. In the case of estimating the building loads, the
solar incident angle needs to be evaluated for the roof and every wall and window of the building
for evaluation of the rate of heat transfer across the envelope in the process of determination of
peak heating and cooling loads. The software TABLET computes these quantities every hour by
using the hourly weather data.
The electrical panel efficiency ηPV of the PV/T panel is given by

η

= η

. [1 − 𝜇 . 𝑇 − 25 ]

(7)

where, the 𝜇 in the above equation refers to the temperature coefficient of the PV panel, while the
η

is the electrical efficiency of PV under standard conditions of Isol = 1000 W/m2 , when PV

cell temperature is assumed to be 250 C.
The fin efficiency F of the absorber plate expressed in Equation (3) is given [17] by

𝐹=

.

(8)

.

The factor m in the above Equation can be obtained [17] from

𝑚=

(9)

.
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The overall heat transfer coefficient of the PV/T panel is given by as shown in reference [14]

𝑈 ≈ 𝑈 . 1 − (β − 45). 0.00259 − 0.00144 . ε

+ (k

/δ

)

(10)

The factor Uf in the above Equation is given by equation (11) as shown in reference [14]

𝑈 =

.

(

)

. (

+

.

.

)(

)

(11)

. .

The factor fc in the above Equation is given by equation (12) as shown in reference [15]

𝑓𝑐 = (1 + 0.058. 𝑁). (1 − 0.04 . ℎ + 5 . 10

.ℎ )

(12)

The heat transfer coefficient hp, between the panel and the surrounding air is given by
equation (13) as shown in reference [16]
(13)

ℎ = 2.8 + 3.0 𝑢
where uw is the wind velocity expressed in m/s.

Using the typical heat balance equation in the analysis of a heat exchanger in terms of log
mean temperature difference, an expression to determine the collector exit temperature, Tout is
given by as shown in reference [14]
̇ 𝑐
. (𝑊. 2𝐿).

𝑄̇ = 𝑚

. (𝑇

− 𝑇 ) = −𝑈𝐴 .

(14)

The factor UAc in the above Equation is given by equation (15) as shown in reference [15]

𝑈𝐴 = [

. .(

).

+

⁄
.

(15)

]
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The heat transfer coefficient, hc, between the water within tube and the tube surface is given by

(16)

ℎ = 𝑁𝑢. 𝑘 ⁄𝐷

The Nusselt Number, Nu shown in the above equation is given by the following equations [17]

 4.364

Nu

Nu



f

/ 8 (Re Deq  1000) Pr

(1  12.7 ( f / 8) ) (Pr 2 / 3  1)

If ReDh ≤ 2,500

(17)

If Rehq ≥ 2,500

(18)

Where, ReDh in the above equation represents Reynold’s Number and is given by
.



R eDh

4 m pm

(19)

N t  Dh  w

The friction factor between the water and the square tube surface shown in the above equation is
given by equation (20) as shown in reference [17]
𝑓 = (0.79 𝑙𝑛𝑅𝑒

− 1.64)

(20)

The electrical power produced Pel by the PV/T panel is given by equation (21)

𝑃 = η

.𝐼

(21)

.𝐴

The rate of thermal energy gained 𝑄̇ is given by is given by equation (22)

𝑄̇ = 𝑚 ̇

.𝐴 .𝑐

. (𝑇

− 𝑇 )
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(22)

η =

η =

̇

(23)

.

.

= η

(24)

The total efficiency η of the PV/T panel is given by

η=

̇
.

= η + 𝑃𝐹 . η

(25)

Substituting the meteorological data of ambient temperature, relative humidity, wind
velocity, the total solar flux on the horizontal surface, Iglo,hor and the diffuse solar flux on the
horizontal surface Idif,hor , and the beam radiation Idir, one can obtain the Isol for each hour of the
day based on the procedure outlined in Appendix A. Using this value of the Isol, the temperature
of water at the imlet of PV/T panel Tin and area of the panel, one can obtain the electrical power
produced by the PV/T panel, the heat energy produced by the PV/T panel through iterative process
[19] satisfying the overall energy balance energy Equation (2). It is to be noted that the water to
the panel is supplied from the storage tank and the thermal analysis of the storage tank is covered
in the next section.

Thermal Storage Tank Analysis
Solar energy is available only during the daytime. However, the building loads and
electrical loads exist twenty-four hours a day. In order to provide for the energy needs of the
building during night times, we need to store the energy generated during the time the sun shines,
i.e., a thermal storage tank is necessary. Electrical batteries are employed to store the electrical
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energy produced by the PV/T panel during the day. In this section, we develop a simple
mathematical model for a thermal storage tank. Once this model is developed, we can use the
results obtained from the PV/T model to determine the number of PV/T panels, N p, required to
meet the building load for each hour of the year.

Figure 13 A diagram of a thermal storage tank

Normally, the temperature of the fluid in the thermal storage tank T st is warmer than the
surrounding air temperature T∞ and that of the load temperature TLi. However, the temperature of
the collector fluid returning from the PV/T panel T co is larger than the temperature of the fluid in
the storage tank. Based on this scenario shown in Figure 13, the energy balance on the storage tank
is written as
dE 


 d t  st

=

q c - qw - q L
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(26)

where, qc = rate of heat energy gained in the PV/T panel
qw = rate of heat energy lost to the surrounding air
qcL = rate of heat energy supplied to the building load
E = Energy of the fluid stored in the storage tank

The rates of heat interactions across the storage tank are

𝑞 = 𝑈 𝐴 . (𝑇 − 𝑇 )

(27)

𝑞 = 𝑚. 𝐶 (𝑇 − 𝑇 )

(28)

𝑞 = 𝑚. 𝐶 (𝑇 − 𝑇 ) = 𝑚. 𝐶 (𝑇 − 𝑇 )

(29)

where, 𝑇 =or Tin is the temperature of the collector fluid to the inlet of PV/T panel ≈ 𝑇
The superscript shown on temperature variables represents the time of the temperature. The term
U0 shown in the Equation (27) is the overall heat transfer coefficient that can be given in terms of
thermal resistances as

𝑈 =

1
1
𝐿
𝐿
+
+
𝐾
𝐾
ℎ

1
+
ℎ

(30)

Energy balance on Storage Tank gives the following Equation.

( )

.

= 𝑚. . 𝐶 . (𝑇 − 𝑇 ) − 𝑈 . 𝐴 . (𝑇 − 𝑇 ) − 𝑚. . 𝐶 . (𝑇 − 𝑇 )

(31)

Re-writing the Equation (31) to give an explicit expression for the temperature of the thermal
storage fluid at time (t + ∆t)
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𝑇

∆

= 𝑇

+

∆

(32)

[ { 𝑞𝑐 + 𝑞𝑤 + 𝑞𝐿}]

Based on the Equations (26) through (32), the values of q c, qw, qL and 𝑇

∆

were obtained

for each hour of the day or year. The temperature of the fluid in the storage tank 𝑇

∆

becomes

the inlet temperature of the fluid to the PV/T panel for the next hour. Combined analysis presented
in the previous two sections was required to predict the performance of the PV/T panel for each
hour of the day or year.

Heat Pump Analysis and Methodology for Computer Simulations
Typically, the appliance that consumes the largest amount of electrical energy is the airconditioner or chiller used in a building. This requires a large number of PV/T panels to meet the
entire electrical load of the building. Since, the PV/T panel produces both the electrical energy and
the heat energy, in summer the heat energy required in meeting the domestic hot water
requirements are much lower than the heat energy produced by the PV/T panels. The temperature
of the hot water obtained from the thermal energy produced by the PV/T panel is not sufficiently
high to power the absorption chiller. In order to make use of the excess heat energy available in
the summer, it is proposed to employ a heat pump to raise the temperature of the hot water that
can power the absorption chiller as shown in the Figure 8. Having a recuperator in the basic
refrigeration cycle helps in reducing the compressor power requirement as well obtaining the hot
water at high temperature at State 7 as shown in the Figure 14.
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Figure 14 A simple heat pump cycle with recuperator

The schematic of the heat pump system is shown in Figure 14 employing Refrigerant-134a
as a working fluid. The State 1 of the refrigerant is assumed to be saturated liquid at 2,400 kPa,
while that at State 4 as saturated vapor at pressure 1,600 kPa. These values for pressure at these
states are particularly chosen to obtain a high temperature of the refrigerant at State 6. The higher
the temperature at State 6, the higher the temperature of hot water was obtained to power the
absorption chiller generator. Besides, the addition of the recuperator helped in reducing the power
requirements of the compressor of the heat pump. In this investigation, we considered a office
building of 6,400 square feet area located in Chattanooga, Tennessee. Based on the hourly
weather data, and the transfer function method as explained in Appendix A. If this cooling load
were to
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be met by use of absorption chiller, which has an average COP of 0.69, then the heat energy
required by its generator would be 50.96 kW. For an assumed value 85 percent of isentropic
efficiency for the compressor and also for the heat load of 51 kW in the generator, the power
required by the compressor was estimated to be only 3.75 kW. Assuming the efficiency of the
electrical motor coupled to the compressor had 90 percent, the electrical demand by the heat pump
would be 4.17 kW, when it is delivering 51 kW of heat energy in the condenser. The rate of heat
energy carried by the hot water at State 7 entering the generator of the absorption chiller that
typically has a COP of 0.69 produces a cooling capacity of 35.17 kW, which is equivalent of 10ton refrigeration. As seen from Figure 14, the heat absorbed by the refrigerant in the evaporator is
supplied by the hot water at State 9 drawn from thermal storage tank. Thermodynamic properties
of the refrigerant at various states are given in Table 3. The temperature of the refrigerant at States
3 and 4 is 580 C, therefore the temperature of the water coming from the storage tank has to be at
least 63 to 650 C for a reasonable size of the evaporator. It is therefore important to note that the
temperature of the water in the storage tank has to be at least 64oC even in the winter nights.
Critical part of the heat pump system is the recuperator that raises the temperature at State 5 to
73oC. This necessitates a huge recuperator and therefore may raise the cost of the heat pump
system.

31

Table 3 Thermodynamic Properties at Each State of the System Shown in Figure 14
State

P (kPa)

T (oC)

hs (kJ/kg)

h (kJ/kg)

s (kJ/kg.K)

m (kg/s)

1

2,400

75.69

-

314.94

-

0.3626

2

2,400

65

-

296.2

-

0.3626

3

1,600

58

-

296.2

-

0.3626

4

1,600

58

-

426.5

-

0.3626

5

1,600

73

-

445.24

1.76044

0.3626

6

2,400

125

454.02

455.574

-

0.3626

7

-

75.242

-

-

2.322

8

-

70

-

-

2.322

9

-

70

-

-

22.568

10

-

69.5

-

-

22.568

The computer simulations were carried out first for a conventional system employing airconditioner in the summer and a gas furnace for the winter heating. The building architectural,
electrical load profile along with the meteorological data was supplied for each hour. Based on
the methodology of transfer function method explained in Appendix A, the hourly building loads
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were estimated and electrical power demand was evaluated for each hour of the year using the
TABLET software. After determining the hourly building loads, the code obtained the hourly
building load profile for the peak heating and cooling days as shown at stage 3 of Figure 15 of the
flow chart. The performance of the PV/T panel was determined for each hour, by using the
mathematical models presented for the PV/T panel, thermal storage tank and the heat pump
system. Initial value for the surface temperature of the absorption plate Tp and inlet temperature of
the water entering the panel was assumed, based on these values, an iterative process was initiated
until the absorption plate temperatures converged by satisfying the energy balance equation (2).
The exit temperature of the water from the panel was employed in the thermal storage tank model
to determine the temperature of the water in the thermal storage tank at the end of the hour. It was
important to recognize that the building heat load for the hour as obtained in the stage 3 of the flow
chart is employed to predict the temperature of the water in the tank.
This process was repeated for each hour of the day on peak heating and cooling days. It is
to be noted that heat pump is not used during the time building heat loads require heating of the
building space. By varying the number of panels for the given building, the heat energy produced
by the panels is matched to meet the peak building heat loads and building electrical loads for each
hour of the year. In this investigation, matching of the loads was carried out for each hour of the
peak heating and peak cooling days. It was assumed that if the size of the panels selected can meet
the building loads for each hour of peak days then it should satisfy for the hours on the other days
of the year. It was possible that this analysis may under-predict the system performance by not
accounting the excess energy gained in the days other than peak days. The payback period
estimated would be conservative and assured the economic success of the system evaluated.
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Figure 15 Flow chart of computer simulations for the PV/T panels and building loads
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CHAPTER 3
RESULTS

Detailed Analysis of Loads and Energy Requirements

By using the hourly weather date (TMY 3) available on the net for Chattanooga, Tennessee,
and the building data presented in Table 1 and Table 2 in Chapter 1, when inserted in the software
TABLET [18] the results shown in Figure 17 are obtained for a building with conventional heating
and cooling system that employs an air-conditioner for summer cooling and an air-furnace for
winter heating of the building. TABLET is software developed by Dhamshala that evaluates the
hourly building load based on location, architecture, electrical and occupancy data of the building.
The software employs hourly weather data of the city, where the building located. The data from
this Figure 13 are presented in the Figure 16. In this Figure, the hourly variation of the ambient
temperature along with hourly building heat load plotted for peak heating and cooling days.
As seen from Figure 13, the first column of the middle represents the hour of the day
ranging from 1 to 24. The second column is the ambient temperature, the third column is the rate
of heat loss to the outside air, while values in column 4 represent the hourly rate of heat to be added
to the indoor air to keep its temperature constant at 72 oF, as set by a thermo-stat on a peak heating
day that falls on December 20 and peak heating load at 7:00 AM. Similarly, as seen from Figure
13, the seventh column of the middle table represents the hour of the day ranging from 1 to 24.
The eighth column represents the ambient temperature, the ninth column the rate of heat gain from
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the outside air, while values in column 10 represent the hourly rate of heat to be extracted from
the indoor air to keep its temperature constant at 76 oF, as set by thermostat on a peak cooling day
that falls on June 28 and the peak cooling load at 4:00 PM or 16 hours. It is to be noted that
Figure 16 also lists the cost of providing air-conditioning (ac). The cost of energy for
the equipment, auxiliary (for fans and pumps), lighting, electrical demand and water and space
heating for each month followed by the total utility cost for the year, which is found to be $
9,636/yr. Based on the data presented in Figure 18 for the building hourly heat loads, ambient
temperatures, and the calculated solar flux values on the PV/T panel on peak heating and cooling
days, using the mathematical models and the calculation procedure outlined in Chapter 2, the
performance of the PV/T panel can be determined.

Building Loads, Weather Data, of a 6,400 Sqft Building
in Chattanooga, TN

Building Load, kW, or Ambient
Temperature, deg F

110
100
90
←S. ambient temp

80
70
60
50

W. ambient temp
↓

40
30
20

C. load →

10
← H. load

0

0 1 2 3 4 5 6 7 8 9 101112131415161718192021222324 Time of the

Day

Figure 16 Peak building loads and ambient temperature by time of the day
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Figure 17 Results of computer simulation (obtained from TABLET software) [18]
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Building Load Profiles on Peak Heating and Cooling Day

The electrical power and heat energy generated by the PV/T panel is obtained by a separate
code (TAPVT) written exclusively for a PV/T panel. The results of this code are shown in Figure
18, that lists the electrical power produced and heat energy gained by a single panel, for water inlet
temperature of 65c C and for each hour of the peak heating and cooling days. Figure 19 gives the
exit temperature of the water leaving the PV/T panel for water inlet temperature of 65 c C for each
hour of the peak heating and cooling days. These two figures provide the needed energy to meet
the peak-heating day of the 6,400 square feet floor building by choosing the right number of panels.
Figure 20 gives the electrical power and heat energy generated by the PV/T panel for water inlet
temperature of 70o C. Figure 21 gives the exit temperature of the water leaving the PV/T panel for
water inlet temperature of 70o C. Obtaining the electrical power required by the compressor of the
heat pump for each hour of the peak cooling day, the values in the column 20 of Figure 22 are
generated and these values when added to those shown in column 19, the total electrical load
profile are calculated and as shown in column 21 of the Figure 22. Figure 22 was developed with
the data generated in Figures 17, 18 and 19.
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Figure 18 Variation of PV/T electrical power and heat energy for T i = 65oC (obtained from
software)
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Figure 19 Variation of exit temperature of water leaving PV/T panel for T i = 65oC (obtained from
software)
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Figure 20 Variation of PV/T electrical power and heat energy for T i = 70oC (obtained from
software)
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Figure 21 Variation of exit temperature of water leaving PV/T panel for T i = 70oC (obtained from
software)
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Figure 22 Screen shot of the main results of the investigation
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The main results of the thesis are presented in the Figure 22. Tabulated values of this table
give the important data on the outcome of this research. The total building loads on a peak-heating
day and also on the peak-cooling day has been met for each hour by the electrical power and heat
energy produced by 72 panels. Due to the use of heat pump, only during the summer resulted in
total kWh of electrical requirements, a little greater than the electrical power produced by the
panels. Since, the office building typically closed over the weekends and holidays, the electrical
power produced by the panels can be stored in batteries to supplement the deficiency in electrical
power during the working days of the week.

Estimation of Payback Period of the Investment
The annual annuity (A) of an investment of P with an interest rate of i over a period of n
years is obtained from the formula given as follows:

A





 i (1  i ) n 

P
  1  i) n  1 





(33)

After assumed federal subsidies of 30 percent the total investment cost was estimated to be
$ 29,027. Assuming the life of the equipment to be 25 years, the interest rate to be 5 percent, the
annual cost of the investment was calculated from Equation (33) to be

A





 0.05 (1  0 .05 ) 25 

29 ,027 
  1  0 .05 ) 25  1  







$ 2, 060/yr

Annual assumed cost of maintenance at the rate of $ 20 / kW / yr = $ 20 [72 panels (300
W/panel)/(1000 W/kW)] = $ 432/yr
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Annual cost of maintenance = $ 432/yr
Net annual cost of investment including the cost of maintenance
A = $ 2,060 + $ 432 = $ 2,492/yr
Substituting the values of A = $ 2,492, i = 0.05 and P = $ 29,027 into Equation (33) would give a
payback period of n = 4.617 years.
The costs of PV panels now available range from $ 0.3 - $ 0.4 / watt of electrical power
produced. Assuming the additional associated costs with thermal absorption plate and the
insulation, the cost of a complete PV/T panel system can be expected to range from $ 0.8 - $ 1.0/
watt of electrical power. The breakdown of cost of the PV/T panel system is shown in Table 4.
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Table 4 The Breakdown of Economic Cost of PV/T Heat Pump System
S.No

Component

Cost

1

PV/T panel @ $ 1/watt, 72 panels of 300 W capacity

$ 11,880

2

Cost of Racks, installation labor 55% of panel cost

$ 5,400

3

Cost of Storage Tank

$ 5,000

4

Cost of Invertor @ 10% of PV/T cost

$ 1,188

5

Cost of Heat Pump @ $ 800/ton for 10 ton unit

$ 8,000

6

Cost of Batteries @$100/kWh for 100 kWh capacity

$ 10,000

7

Total Cost of the PV/T System

$ 41,468

8

Federal Tax Credits or Subsidies @ 30% of total cost

-$ 12,440

9

Total net Investment Cost

$ 29,027

10

Annual Cost Annuity @ 5% interest & 25 yrs life

$ 2,060

11

Annual cost maintenance @ $ 20/kW/yr

$ 432

12

Total annual Cost

$ 2,492

13

Annual Cost of Expenses Avoided of Conventional System

$ 9,638

14

Payback Period

4.62 yrs
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CHAPTER IV
DISCUSSIONS AND CONCLUSIONS

Based on the results obtained from the computer simulations of a light commercial building
of 6,400-ft2 floor area with average occupancy, and electrical loads located in Chattanooga,
Tennessee, the following conclusions can be made:
1. All the building (electrical and thermal) loads can be met by use of 72 PV/T panels, except
for a few days around the peak cooling day, where the building might use the power from
the grid. The cost of electrical power drawn from the grid for the peak cooling day is close
to $ 5.00.
2. The number of panels (Np = 72) employed would be quite sufficient to meet the peak
heating and cooling load as well as other loads for more than 95 % of the year.
3. Based on the assumed values of economic parameters as shown in Table 4, the payback
period for the investment is very short 4.62 years based on an interest rate of 5%.
4. It is possible that the cost of PV/T panels might be higher than the assumed values and it
may not increase the payback period much appreciably.
5. In the last 10 years the cost of PV panels have declined drastically, if this trend continuous
for the PV/T panels also then this system has a bright future.
6. Based on the results of this research, the proper size of the panels should make this building
to be a net zero energy building.
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7. As the sales of these panels increases, the effect of mass-producing them will have a
favorable effect of reducing the panel cost.
8. More deployment of these systems will go a long way in meeting the challenges indicated
in the recent UN report on Climate change.
9. The results of this research can very easily be extended to residential buildings, where the
equipment loads are very low.
10. This technology has a very bright future in buildings, where there exists a constant heat
load requirements throughout the year.
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APPENDIX A
TRANSFER FUNCTION METHOD
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The earth rotates about its own axis causing day and nights and simultaneously revolves in
an elliptical orbit at a mean radius of about 149.6 million kilometers around the sun causing the
seasons as shown in the Figure 23. As seen from this figure, the summer solstice, the day of the
longest daylight occurs about June 21, while the winter solstice, the day of the longest night occurs
about December 21 for northern latitudes. The equinox characterized by a day of equal length of
daylight and darkness occurs about March 23 and September 21. Thus the amount of solar energy
received by a surface on the earth varies with time during the day, as well as with the season and
latitude of the location. Solar noon is the time of the day at which the rays from the sun are normal
to the longitude of the location. The gases, dust particles and clouds present in the atmosphere
scatter the beam radiation originating from the Sun. The scattered energy, often called diffuse
energy, exists even on cloudy days. The actual energy reaching a surface on the earth is the sum
of the beam (or also known as direct radiation) and diffuse radiation. The magnitude of diffuse
energy reaching the surface on the earth is at the minimum on clear sky conditions, while the
energy is 100 percent diffuse on a day of fully cloudy conditions.

Figure 23 A diagram showing the transient nature of solar energy
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The average rate of solar energy, also known as extraterrestrial irradiance or insolation
striking a surface directed normal to the solar beam outside the earth’s atmosphere, is termed the
Solar Constant and its value is given as 1373 W/m2 or 435.2 Bu/hr.ft2. The extraterrestrial
irradiance is all beam radiation. However, due to the slight eccentricity in the earth’s orbit, the
actual value of extraterrestrial irradiance is related as
 Btu
I o 
2
 hr . ft



 360 0 n 
  435.2  1  0.033 Cos 


 365.25 






 360 0 n 
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I o  2   1373  1  0.033 Cos 

m 

 365.25 

(34)

(35)

where, n is the day of the year ( = 1 for January 1).
Estimation of Total Incident Solar Irradiance on a Surface on the Earth
Due to the rotation of the earth about its own axis as well around the Sun, the estimate of incident
solar irradiance, It consisting of beam and diffuse components involves determining various solar
angles, namely:
The declination angle (δ) is the angle made by the equator with sun’s rays as shown in Figure 24.
The surface latitude angle (λ) is the angle between the radius vector of the location from the
center of the earth and the equatorial plane indicated in the Figure 24. The hour angle () is the
angle between the meridian plane of the sun’s rays with the local meridian at the center of the
earth in an equatorial plane as shown in Figure 24. The solar azimuth angle (Φs) is the angle
between the projection of the sun’s rays on a local horizontal plane and the south direction as
shown in Figure 25. The solar zenith angle (θs) is the angle between the sun’s rays and the normal
on the local horizontal plane as shown in Figure 25. The surface azimuth angle (Φp) is the angle
between the normal to the surface with the south direction as shown in Figure 25. The surface tilt
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angle (θp) is the angle between the surface and the local horizontal as shown in Figure 25. The
solar incident angle (θi) is the angle between the normal to the surface with sun’s rays as shown
in Figure 25.

(a) Three-Dimensional View

(b) Cross-Sectional View at Solar Noon

Figure 24 Illustration of latitude, hour angle and solar declination

The declination angle (δ) can be given as,
Sin 

360 0 ( n  10)
  Sin 23.45 Cos
365.25
0

where n is the day of the year with January 1 being n = 1.
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(36)

Figure 25 An illustration showing the solar angles for tilted surfaces

The hour angle (ω) can be estimated in terms of solar time (tsol) from,

 

360 0 (t sol  12 h)
24 h

(37)

The solar time, tsol is related to the local standard time, tstd as

t sol

 t std 

L std  Lloc
o

15 / hr



Et
60 min / hr

(38)

where tstd = local standard time
Lstd is the longitude of the standard time, for United States, Eastern = 75 0, Central = 900,
Mountain = 1050, Pacific = 1200.
Lloc is the longitude of the location in degrees.
Et is the equation of time is the difference between the solar noon and noon time based on local
time and it varies over the year.
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It may be noted that solar noon refers to the time when sun reaches the highest point in the sky.
The equation of time Et is

Et

 360 0 (n  81) 
 360 0 (n  81) 
 360 0 (n  81) 
  7.53 Cos 
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(39)

The solar zenith angle (θs) as shown in the Figure 4 can be estimated from,

Cos θs = Cos λ Cos δ Cos ω + Sin λ Sin δ

(40)

Now, the solar azimuth angle (ǿs) in terms of solar zenith angle (θs) is obtained as follows

Sin (  s ) 

Cos  Sin 
Sin  s

(41)

Finally, the solar incident angle (θi) is given by

Cos θi = Sin θs Sin θp Cos (ǿs - ǿp) + Cos θs Cos θp

(42)

where, ǿs is the solar azimuth angle given by Equation (41) while the surface azimuth angle ǿ p as
shown in the Figure 25 is the angle made by the surface normal with the south direction. The tilt
angle of the surface θp is the angle of inclination of the surface with local horizontal surface as
shown in Figure 26.
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Now the total incident solar load It is the sum of
(i)

The solar direct radiation (Idir) incident normal to the surface

(ii)

The solar diffuse radiation (Idif), the diffuse radiation is the radiation scattered from the

surroundings and the dust particles present in the atmosphere.
(iii)

The solar radiation reflected from the ground
It

 I dir Cos  i  I dif ,hor

1  Cos  p
2

 I glo ,hor  g

1  Cos  p
2

(43)

where, Iglo,hor is the global horizontal radiation incident on the horizontal surface.
Weather stations in various major cities record hourly data consisting of Idir, Idif,hor, Iglo,hor,
the ambient air temperature, the dew point temperature, the relative humidity, wind speed and
direction, cloud cover factor and many other data. Meteorologists obtained the average of 25 to 30
years of such data and designated these data as the typical meteorological year (TMY) for that city.
Use of such data allows a more detailed and accurate estimate of solar loads.

ho , heat transfer
coefficient

heat conduction due
to temperature
difference

incoming solar

fraction of absorbed energy
hi , heat transfer
coefficient

solar energy reflected

radiated to indoors

from glass
energy transmitted through
incoming energy
reflected from

energy absorbed in glass

glass window

Figure 26 An illustration of the distributions of energy interactions across a glass window
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It is also indicated that a fraction of the absorbed energy in the glass is reradiated back to the indoor
air. The radiational properties of absorptivity (α) and transmissivity (τ) of a double-strength sheet
(DSA) are often employed as a standard in determining the fractions of energy absorbed and
transmitted. The actual values of the energy interactions of a given glass sheet are adjusted by
multiplying the values of a DSA glass with a shading coefficient. The direct absorption (α D) and
transmission (τD) coefficients of a DSA glass are related to the incident angle θ, and are given as

D



D



5

a
j 0

5

t
j 0

j

j

[cos ] j

[cos ] j

(44)

(45)

The diffuse absorption (αd) and transmission (τd) coefficients of a DSA glass are also related to the
incident angle θ, and are given as

d

d

5

 2  a j / [ j  2]

(46)

j 0

5

 2  t j / [ j  2]

(47)

j 0

The values of coefficients aj, and tj are as listed in the Table 5.
The direct irradiance striking the window, ID is given as,
ID = Idir cos θ

if cos θ > 0; otherwise ID = 0
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(48)

The ratio, Y, of the sky diffuse irradiance to that on the horizontal surface is given as
Y = 0.55 + 0.437 cos θ + 0.313 cos2 θ for cos θ > -0.2; otherwise Y = 0.45

Table 5 Coefficients for DSA Glass for Calculation of Absorbance and Transmittance
j

aj

tj

0

0.01154

-0.00885

1

0.77674

2.71235

2

-3.94657

-0.62062

3

8.57881

7.07329

4

-8.38135

9.75995

5

3.01188

-3.89922

The diffuse radiation, Idif = diffuse sky irradiance, Ids + diffuse ground reflected irradiance, Idg
For vertical surfaces, Ids = Y Idif,hor

(49)

For other surfaces, Ids = Idif,hor (1 + cos θp) / 2

(50)

Diffuse ground reflected irradiance, Idg = {Idif,hor + Idir cos θs}g [1 - cos θp] / 2

(51)

where g is the reflectance of the ground normally assumed to be 0.2.
The transmitted component of solar energy, Itra = τD ID + 2 τd [ Ids + Idg ]
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(52)

The absorbed component of solar energy, Iabs = αD ID + 2 αd [ Ids + Idg ]

(53)

The hourly solar heat gain per unit area of a DSA glass is known as Solar Heat Gain Factor, SHGF
and is given as
SHGF = Itra + Ni Iabs

(54)

where Ni represents the fraction of absorbed energy radiated back indoors and is given by

Ni



hi
hi  h o

(55)

where hi and ho represent heat transfer coefficients at the inner and outer surfaces of the glass
window, respectively.
Evaluation of Rate of Heat Transfer Based on Transfer Function Method
The following example illustrates the use of transfer function method to evaluate the rate of heat
transfer from a wall exposed to the solar radiation. Consider a vertical wall, of dark color and
facing west, consisting of 0.10 m (4 in) concrete with 0.05-m (2-in) insulation on the outside with
sol-air temperatures for summer design conditions (July 2) for T i = 250 C. The transfer function
coefficients for the wall as given in the ASHRAE Handbook of fundamentals are as follows:
bo = 0.00312

∑ cn = 0.0734

do = 1.0000

b1 = 0.04173

d 1 = -0.94420

b2 = 0.02736

d 2 = 0.05025

b3 = 0.00119

d 3 = -0.00008
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The d’s are dimensionless, and b’s are in W/m 2.K. All other coefficients are zero, and the U value
is 0.693 W/m2.K .For time t < 0, it is assumed that the heat transfer to the wall Q cond, t = 0.

Q cond ,t

 





 d n Q cond ,t nt  A  bn Tos,t nt  Ti  c n 

n 1

n0

n0



(56)

For unit area of the wall with area A = 1 m2, for the time t = 1 hr, above Equation reduces to
Qcond, 1 = - d1 Qcond, 1 – 1 - d2 Qcond, 1 – 2 - d3 Qcond, 1 – 3 + bo Tos, 1 – 0 + b1 Tos, 1 – 1 + b2 Tos, 1 – 2 +
b3 Tos, 1 – 3 - Ti ∑ cn
After Substituting the known values into the above equation gives
Qcond, 1 = - (-0.94420) (0.00) - 0.05025 (0.00) - (-0.00008) (0.00) + 0.00312 (24.4) + 0.04173
(25.0) + 0.02736 (26.1) + 0.00119 (27.2) – 2.0 (0.0734)
Qcond, 1 = 0.03 W/m2.
The above process of calculation for Qcond, 1 is repeated for four or five days, the value
appears to be stabilized by the fourth day. It may be noted that the conductive heat gain reaches
maximum at t = 19.00 hrs, which is 3 hours after the peak of the sol-air temperature indicating the
effect of thermal storage.
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Table 6 Typical Values of Conduction Transform Function Coefficients
Roof
Group

Layers Sequence Left to
Right =Inside to Outside

1

2

3

n=0

n=1

n=2

n=3

n=4

n=5

n=6

Layers E0 A3 B25
E3 A0

bn

0.0049

0.0347

0.013
7

0.0036

0

0

0

Steel deck with
3.33in insulation

dn

1

-0.0354

0.022
7

-5E-05

0

0

0

Layers E0 A3 B14
E3 E2 A0

bn

0.0006

0.012

0.012
8

0.00143

1E-05

0

0

Steel deck with 5
in insulation

dn

1

-0.6006

0.086

-0.0014

0

0

0

Layers E0
E5.E4.C12 E3 E2
A0

bn

0.0061

0.0398

0.013
8

0.00025

0

0

0

2in. h.w. concrete
deck with
suspended ceiling.

dn

1

-0.7562

0.014
4

-6E-05

0

0

0

For walls, the layers of wall components employed in construction of the wall can be
identified from a table like the example above and with the R-value of the dominant. However,
one should realize that the conductive heat transfer is different from the sensible cooling load.
Cooling load is the rate of heat transfer gained by the inside air at a given instant of time, that
needs to be extracted to keep the temperature of the inside air at set value by the thermostat.

Cooling Load
Sensible
 Qrf  Q sc

Qt
Q rf



 v

o

(57)

q t ,i  v i q t ,i t  v 2 q t ,i  2t    w1 Qt t  w 2 Qt  2t  

(58)

i 1

Q sc



 q c, j 

(59)

j 1
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where: Qrf = sensible cooling load from heat gain elements having radiant components.
v and w = room transfer function coefficients, selected per element type, circulation rate, mass,
and/or fixture type.

qt = each of i heat gain elements having a radiant component; select appropriate fractions
for processing,
 = time interval (1 hr)
Qsc = sensible cooling load from heat gain elements having only convective components.
qc = each of j heat gain factors having only convective component

It is to be noted that latent heat gain is assumed to become cooling load instantly, whereas
the sensible heat gain is partially delayed depending upon the nature of the conditioned space.
The sensible heat gain for people generally is assumed to be 30 percent convective
(instant cooling load) and 70 percent radiative (the delayed portion of the sensible load). The
radiant portion of fluorescent lamps is assumed to be 59 percent radiative and that of the
incandescent lamps to be 80 percent radiative.
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